Surface wave attenuation is usually attributed to inelastic properties of the Earth, but a considerable part of the surface wave attenuation may be due to scattering by lateral heterogeneities. For body waves, the theory describing attenuation due to scattering is well known. In this paper, a similar theory is presented, which describes the attenuation of surface waves due to scattering. The Born approximation is used to derive the scattered wavefield, therefore only weak heterogeneities can be described. Some numerical experiments are performed for periods between 25 and 100 s. For realistic scatterers the conversions from the fundamental mode to the higher modes cannot be neglected. The Q-' values computed for scattering media are of the same order of magnitude as measured Q-' data. A whole range of attenuation curves as a function of frequency can be obtained by varying the parameters of the scattering experiment. This leads to believe that Q-' data inversions to Q-' depth models should be regarded with some suspicion, because the contribution of scattering to the attenuation cannot be neglected.
INTRODUCTION
The crust and upper mantle of the Earth are laterally inhomogeneous. This is obvious from many seismological observations such as travel-time variations (Aki, Christoffelsen & Husebye 1977; Spakman 1986) , the presence of seismic coda (Aki 1980 ) and the variation of waveforms across seismic arrays (Ringdal & Husebuye 1982) . The lateral inhomogeneity of the crust appears to be on all spatial scales. Even less is known about the lateral heterogeneity within the upper mantle. Seismic waves are scattered by inhomogeneities and part of the energy of the primary wave is converted to the scattered waves. Due to energy conservation the primary wave is attenuated.
Q (=quality factor) data are used to derive information about the inelastic properties of the Earth's interior (Cara 1981; Anderson & Minster 1981) . Most studies on attenuation of surface waves assume that the attenuation is due solely to internal friction (Canas & Mitchell 1981; Singh 1982; Singh & Gupta 1982; Osagie 1986 ). However, especially in tectonically fragmented regions, a considerable part of the attenuation may be due to scattering. Therefore it is interesting to see what the contribution of scattering actually is to the attenuation of surface waves, and whether or not it is justified to neglect the scattering compared to intrinsic losses.
The theory which describes the attenuation due to scattering is well-known for body waves (Chernov 1960; Wu 1982) . Hudson (1970) attenuation of Rayleigh waves in a homogeneous halfspace. Extension of this result for a layered half space is possible using the surface wave scattering theory of Snieder (1986a) . In this theory, both scattering and mode conversion effects are accounted for.
In this paper we will show the theoretical relationship between the properties of the inhomogeneity and the attenuation of a surface wave travelling through the inhomogeneous medium. We will give an impression of how scattering contributes to the attenuation of a surface wave and how the attenuation depends on the frequency and other parameters.
The general aspects of attenuation due to scattering are outlined in Section 2. In Section 3 the geometry of the scattering experiment is outlined and an expression is given for the power of the incoming wavefield. In Section 4 thescattered wavefield is evaluated. With theexpression for the scattered wavefield it is possible to find an expression for the scattered power. This is shown for Love as well as Rayleigh waves. In Section 5 the properties of the medium are delineated by a correlation function. With the results of Sections 2-5 it is possible to give a general expression for the scattered power as a function of the heterogeneity. This is presented in Section 6. Conversions to other surface wave modes are included in this expression. With the scattered and the primary energy known, the computation of the attenuation coefficient is straightforward. In the following sections some examples of the theory are outlined. The geometry of the scattering experiment together with the properties of the scatterer are important for the scattered power. In Section 7 some numerical experiments are 184 A . Brandenburg and R. Snieder demonstrated in order to give a better impression of how the attenuation depends on the different parameters such as frequency, correlation function, correlation length and minimal scattering angle. Finally the effect is studied of the conversion to other surface wave modes and how a deep and a shallow heterogeneity attenuate the fundamental Rayleigh mode compared to the first higher mode.
To make the reader aware of the limitations of this theory the assumptions used throughout the paper are summarized here. Intrinsic attenuation is neglected, in the remainder of this paper we will refer to attenuation by scattering as 'the attenuation'. In order to describe the scatterers, the Born theory is used, so that the scatterers (and Q-') should be small. The far field limit is used throughout, and the conversions between body and surface waves are neglected. It is obvious that conversions between body and surface waves do take place, they will even increase the effect of attenuation due to scattering. For simplicity, however, they will not be taken into account. This allows us to use only the surface waves Green's function. We are aware that using single scattering theory for the relation between scattering and attenuation is dangerous, because the first Born approximation does not conserve energy (Butkov 1968) . The non-linear relation between scattering and attenuation is rigorously described by the optical theorem for surface waves (Snieder 1988a) . However, at this point, only linear theory exists for the computation of the scattering coefficients, so that we will content ourselves with the first Born approximation. This may lead to an incorrect description of the mean forward scattering, which makes it necessary to introduce the unsatisfactory concept of a minimal scattering angle, as in Sat0 (1982) , Wu (1982) or Dubendorff & Menke (1986) . In view of the incorrect treatment of the non-linearities and the neglect of bodywave conversions, we can only expect a qualitative result.
ATTENUATION O F A S U R F A C E W A V E B Y SCATTERING
We consider an incoming surface wave uo which travels through an inhomogeneous volume V. The structural parameters of the medium are given by the elasticity tensor: and the density:
The parameters and p" define a laterally homogeneous, layered background medium. 6cijkl and 6p are perturbations on this reference medium and are zero outside the inhomogeneous volume V. The total power of a wave going through a surface S is given by (Hudson 1970; Ben-Menahem & Singh 1981) :
w where u denotes the displacement, w the angular frequency and n, is a unit vector perpendicular to the surface S (Fig.  1 ). This equation is valid for any wave, so in our case it is valid for the primary wave as well as the scattered wave. For the primary wave we insert the parameters of the undisturbed medium:
(2.
3)
The surface S is defined in the following way. If we consider an incoming plane wave impinging on the inhomogeneous volume V , the surface S is a vertical plane limited in horizontal direction by the size of the volume V. In vertical sense the surface S continues as deep as the background model continues. This seems unnatural because intuitively we presume that only that part of the wavefield should be considered which 'shines' onto the surface of volume V. However, surface modes are entities in a vertical sense. It is therefore impossible to attenuate a surface wave mode only in a certain depth interval. For example a shallow heterogeneity will affect the surface wave mode over all depths and will produce modal coupling. For the scattered power the same expression (2.2) holds, now with the scattered wavefield us substituted instead of u". If we consider the total scattered power, S will be any large surface enclosing the inhomogeneous volume V (Fig. 5) wave at a receiver in the far field (Fig. 2) . Alternatively, if we have an inhomogeneous slab consisting of many scattering points, the wavefronts caused by all these scattering points will interfere constructively according to Huygens's principle (Fig. 3) , and the amplitude of the forward scattered wave field is no longer negligible compared to the primary wavefield. This secondary wavefront together with the primary wave determines the remaining energy. It seems reasonable to say that for an with D the distance travelled through the inhomogeneous medium. The dependence of y on the frequency and other parameters is treated in the next sections.
-!l infinite slab only the backward scattered energy is lost. Therefore we must conclude that the surface S in equation (2.2) is dependent on the geometry of the scattering experiment. It is interesting to note in this context that the optical theorem (Snieder 1988a) shows that the imaginary part of the forward scattered energy in fact describes the extinction.
To compute the scattered wavefield us, we need to specify the heterogeneity at every position. This is an impossible task for the real Earth. Therefore, we assume that the heterogeneity has certain statistical properties. The statistical properties asserted to the inhomogeneity can be used to compute a mean scattered field for an ensemble of stochastic scatterers. Inserting the displacement us of the scattered wave into (2.2) and taking the average over the statistical ensemble of scatterers we get the mean scattered energy: ( ( a , u~) u~* ) dS.
(2.4) 2 s Given the incoming energy Po and the mean scattered energy ( P " ) , the attenuation y per unit of distance follows from: Figure 3 . The wavefronts of many scattering points interfere and are no longer negligible compared to the amplitude of the primary wave.
PRIMARY POWER
An expression for the energy of the primary wave is derived in this section. We consider the following scattering situation (Fig. 4) : A plane surface wave mode impinges on a scatterer where it excites a whole suite of modes u. The scattered wave is detected at a large distance X,. The incident wave of mode Y is given by:
( 3.1) I. is the amplitude or source excitation term, pv is the polarization vector of the incoming wavefield (Snieder 1986a) . XI is the horizontal distance between the source and the scattering point, it determines the initial phase of the wave at the scattering point. For Love waves the polarization vector pv(z, @) is given by:
while for Rayleigh waves: angle 4. The incoming surface wave is of mode v, the scattered surface wave is of mode u. X, is the distance source-scattering point, X , is the distance scattering point-receiver. The coordinates can be chosen with the positive x-axis along the propagatio? direction of uo. The z-axis is pointing into the paper. Unity vector is chosen in the propagation direction of the wave, unity vector 4 perpendicular to the direction of propagation. Unity vector 2 is pointing into the paper.
In this equation c, denotes the phase velocity, U, denotes the group velocity of mode v and I ; the kinetic energy integral (AR, 7.66) defined as:
for Love waves and: 1 (3.6)
for Rayleigh waves.
To compute the power of the primary wave we will take the following steps: (i) assume that we have an isotropic elastic medium and evaluate Cllk[; (ii) evaluate the expression for Love and Rayleigh waves separately; (iii) insert the orthogonality relations derived by Takeuchi & Saito (1972) ; (iv) perform the depth integration analytically; (v) insert the proper normalization.
We assume the medium is isotropic and has no intrinsic damping, therefore A" and p" have real values:
(3.7) Inserting this expression for the elasticity tensor (3.7) into the expression for the primary power (2.2) we get the following expression:
We can split the V operator in a horizontal and a vertical component, and use that:
(3.9) Expression 3.8 has to be analysed for Love and Rayleigh modes separately.
Using equations (3.1), (3.2), (3.8) and (3.9) one finds that for an incoming Love mode the power is:
-I , -pk,l;l[T* dS.
The surface S is that part of the inhomogeneous volume on which the incoming plane wave impinges (Fig. 1) . So it is the projection of the inhomogeneous volume on a vertical plane. This ingegral can be solved using the energy integrals (AR, 7.67) so that:
L denotes the horizontal scale of the inhomogeneous volume in the direction perpendicular to the propagation direction (Fig. 6 ). Equation (3.11) seems astonishingly simple, but the reader should bear in mind that this is partly due to the normalization we used (3.4). In a similar way, the incoming Rayleigh wave power is:
With the energy integrals from AR (7.70, 7.74 and 7.76) , and the normalization (3.4), one finds for the incoming Rayleigh wave power an expression of the same form as for the incoming Love wave power:
(3.13)
SCATTERED POWER
The mean scattered power ( P ' ) can be computed with the following expression for the scattered wave (Snieder 1986a) :
The scattering and interaction between the modes Y and (J is described by the interaction matrix V"". The propagator g" is given by:
with X , and 4 defined in Fig. 4 . The scattered power can be computed with equation (3.8). With two scattered surface modes uUs and uTs inserted at the right hand side. The surface S is now a large surface enclosing the inhomogeneous volume. In essence this can be any surface (Snieder 1988a ), but to perform the surface integration we will choose an appropriate surface. If we choose a large cylinder as the integration surface S, we can split the surface into three parts: the top of the cylinder, the bottom and the vertical cylinder surface. At the surface z = 0 the stress is zero, hence the scattered power going through the top of the cylinder also becomes zero (see equation 2.3). At the bottom of the cylinder the displacement u is zero, hence the integration over the bottom surface vanishes. We are left with an integration over the vertical surface of the cylinder. The remaining expression again is to be evaluated for Love and Rayleigh modes separately. If (T and t are both Love modes, the polarization vectors can be written as: p = 11$ with 4 a unity vector perpendicular to the direction of propagation (Fig. 4) . The first two terms of (3.8) vanish, because 2 . 4 = O (fi is a vector normal to the vertical cylinder surface) and the azimuthal gradients vanish in the far field. Then we have for conversions to Love wave modes a mean scattered energy of:
With S the vertical surface of the cylinder (Fig. 5 ) and f " f T* representing the double volume integral over the heterogeneity:
f "f"* = I/ e"(x)e"*(x')( V"vV*"v)uvouv*odVdV'. (4.4)
In the expression of f"f"*, e" and e"* are a compact notation for: eikoXz e-ik,Xz e"(x) = and eT*(x)= (4.5) f"f"* will be further evaluated in Section 5. The eigenmodes 1: and 1:" have to be evaluated at the surface S. Because of the orthogonality of the Love wave modes (AR, 7.97; Takeuchi & Saito 1972) the depth integral over l?ll* is zero when u and t are different modes (Appendix A). Only for u = z is there a contribution to the scattered power. We transform (4.3) to polar coordinates: dS = X , dz d @ with X , denoting the horizontal distance from the scatterer to the surface S (Fig. 4) , @ the scattering angle and z the depth coordinate. The integration over the depth coordinate can then be expressed in the integral I, of A R (7.66). This leads to:
The factor I f l ' represents the double volume integral over the inhomogeneity, see equation (4.4). Equation (4.7) can be further simplified by using the normalization convection (3.4) and:
7)
given by A R (7.70).
written as:
With (3.4), (4.6) and (4.7) the scattered energy can be For u and t both Rayleigh modes we use a similar approach as for Love modes. Using (3.3) and (3.8) one finds with d=ri that the mean scattered energy by conversion to Rayleigh modes is given by: The eigenmodes r, and r2 have to be evaluated at the cylinder surface. For Rayleigh wave modes we again apply the orthogonality relations, derived by Takeuchi & Saito (1972) and AR. It can be shown that there is a contribution to the scattered power only for equal modes ( a = t) (Appendix A). The surface integral is again transformed to polar coordinates. The depth integral can be expressed in the energy integrals of Rayleigh waves (AR, 7.74). Inserting this into the expression for the mean scattered power (4.9) we find: If u is a Love mode and t is a Rayleigh mode, or vice versa all three terms in (4.2) will vanish if evaluated in the far field. Because the polarization vectors of Love and Rayleigh waves are perpendicular there is no contribution to the scattered power by the cross terms containing both a Love and a Rayleigh wave. Therefore the cross terms (PtR) and ( P k , ) are zero. The total scattered power is: where we sum the Love scattered energy and the Rayleigh scattered energy over the mode number n. In order to evaluate the expression it is necessary to know the factor n U If 12.
THE CORRELATION FUNCTION
According to equation (4.4), the integral lfI2 contains the ensemble average of the interaction matrix product, ( Vm(r)Vrv(r)). In this section this factor is evaluated. The interaction matrix is composed of two parts:
The first factor, 6p(r)lp0(z) is the relative density perturbation of the medium. We assume that the density perturbation and the shear wave velocity perturbation are proportional (Appendix B). This is allowed because the frequency dependance for scattering by a shear wave velocity perturbation and a density perturbation are the same (Snieder 1986a ). It should be noted however that there is a slight difference in radiation pattern, which will have an effect when integrating over only part of the scattering directions. The second part, MUv(z, @) describes the mode conversions. Inserting this into the ensemble average: = N(r, r')sd2Muv(z)M*rV(zr), (5.2)
with N(r, r') denoting the normalized autocorrelation, which depends on the chosen distribution function. sd denotes the standard deviation of the distribution function, i.e. the mean , value of the density and the shear wave perturbation. For simplicity we assume that N(r, r') is separable in horizontal and vertical coordinates: N(r, r') = R ( x , y , x ' , y ' ) Z ( z , 2').
Furthermore we assume that the correlation function is stationary and isotropic in horizontal direction: N(r, r') = R(C)Z(z, z ' ) with 5 = d(x -x ' )~ + ( y -y')*.
In Appendix B it is shown that the modes matrix M""(z, 4)
is separable in z and $: 2 M""(z, $) = c e'"@M,"'(z).
-2 (5.4)
The coefficients M,, are given in Appendix B. We need to specify the correlation functions. In the literature the most commonly used correlation functions are the Gaussian correlation function (Chernov 1960; Frankel & Clayton 1986): (5.5) R ( 5 ) = e-(Ez/az),
~( 5 )
= e(-E'a).
(5.6) and the exponential correlation function:
In these expressions 'a' is the correlation distance.
MEAN SCATTERED POWER
We will now return to the expression of the mean scattered energy (4.13). The results from Section 5 concerning the interaction matrix will be incorporated into the expression for the mean scattered power. Inserting (5.2) and (5.4) into (4.13) we can, using (4.4) and (4.2), separate the volume integral into a depth integration and an integration over the horizontal coordinates of the heterogeneity. We thus get the following expression for the mean scattered energy:
This expression has to be summed over all scattered modes a, and consists of several different terms:
(i) the standard sd is determined by the relative inhomogeneity 6plp. From tomographic P-wave studies (Spakman 1986) and waveform inversions using surface waves (Snieder 1988b) for Europe this inhomogeneity appears to be at least 4 per cent at upper mantle depths. Nataf, Nakanishi & Anderson (1984) make use of long-period surface waves to map lateral heterogeneities of velocity and anisotropy in the upper mantle. They find anomalies in shear wave velocity up to 10 per cent.
(ii) contains a dependence on the scattering angle $ and an integral over the depth coordinate of the heterogeneity. The depth integral has to be computed numerically for a given correlation function Z ( z , 2'). The coefficients
M, are determined by the Earth model (as shown in
Section 5 and Appendix B). Topographical variations can also be dealt with in this manner (Snieder 1986b ), then only a surface term remains. (iii) is a surface integration over the heterogeneity. For some geometries this integral can be solved analytically. (iv) is the two dimensional Fourier transform of the correlation function R ( 5 ) . The result is a function of the scattering angle. 8, and 8, are defined in Fig. 4 . In studies of body wave attenuation in 2-D (Frankel & Clayton 1986 ) a similar expression is found. The exponent there is a function of only one wavenumber because they do not consider mode conversions. The quality factor is defined as the relative energy loss per period. It can be written now as:
" kvPo dD with D the distance travelled through the inhomogeneous medium. Until now the theory described has been general. To highlight the sensitivity of the attenuation on the different scattering parameters, we will now focus on a particular scattering geometry. In Section 7 some simple numerical simulations are presented in order to clarify the theory. We consider an inhomogeneous slab with thickness D and width L (Fig. 6 ). For this geometry the surface integration over the heterogeneity can be solved. Insert the representation of e" (4.5) into (6.l.iii):
and consider a situation where the receiver is far away from the scatterer. In that case the value of X , (the scatterer-receiver distance) varies little for the different scattering points of the inhomogeneous volume. The 
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integrand can thus be considered a constant so that:
A comparison with equation (3.11) shows that Po is also proportional to the horizontal scale of the inhomogeneity (L). In the representation for Q-' (6.2), this horizontal scale appears in the numerator as well as the denominator. Therefore Q-' does not depend on the horizontal scale of the inhomogeneity. This leads to the interesting conclusion that the attenuation coefficient due to scattering is not determined by the geometry of the inhomogeneity, but is a material constant.
We will use two different correlation functions to describe the velocity perturbation within the slab; a Gaussian and an exponential distribution. We can think of the heterogeneity as for instance Gaussian spheres within the slab volume. According to equation (6.1.iv), the scattered power is proportional to the Fourier transform of the horizontal correlation function:
with K given by: While for an exponential correlation function:
Inserting the results of equations (6.3)-(5.8) into equation (6.1), we are left .with an expression for the scattered power which in combination with the incoming power gives an expression for the quality factor (equation 6.2):
(6.9)
The sensitivity of the attenuation on the different parameters in (6.9) will be evaluated in the next section, by some simple numerical simulations.
NUMERICAL EXPERIMENTS
We choose a velocity perturbation of 10 per cent in the slab.
The Q-' values are computed for an incoming fundamental mode Rayleigh wave with periods between 25 and 100s. The M7 model of Nolet (1977) is used as a background medium to compute the eigenfunctions I,, I,, r, and r2 of the surface wave modes. In Sections 7.1 and 7.2 only conversions to fundamental mode Love and Rayleigh waves are taken into account. In Section 7.3 the effect of conversions to higher modes is studied.
The minimal scattering angle
In this section only the fundamental mode energy is considered. In Section 2 it was pointed out that the minimal scattering angle might take different values ranging from 0 to W, depending on the scattering geometry. Attenuation curves are calculated for different minimal scattering angles. Inhomogeneities described by exponential, as well as Gaussian, correlation functions are studied. First, we consider an exponential correlation function. In the vertical direction the same correlation function is chosen as in the horizontal direction, i.e. the scatterer consists of spherical inhomogeneities. The attenuation curves are computed for several minimal scattering angles &,in. The correlation length u =50km. If =O" then all the scattered energy is considered lost. If $min=W, only the backscattered energy is considered lost. The results are shown in Fig. 7 .
It appears that for 15" the attenuation has a maximum at a certain frequency. For &,in < 15" there is no such maximum and attenuation increases with increasing frequencies. This can be understood when we realize that (i) in principle higher frequencies are more strongly scattered than low frequencies, this explains the increase of Q-l with frequency for Gmin=OO and (ii) the scattering is not isotropic but has a certain radiation pattern (Fig. 8) . For high frequencies the radiated energy is, for a given size of the scatterers, due to the Mie effect, concentrated in the forward direction (Snieder 1986b ). This explains the behaviour for larger values of because, for higher frequencies a larger part of the forward scattered energy falls within the cone of +<&,in.
The energy that falls within this forward pointing cone limited by is considered to interfere constructively with the primary wavefield. Therefore, the attenuation decreases for higher frequencies. The choice of &,,in has a large effect on the attenuation curve. The choice of is still a major problem; see Dubendorff & Menke (1986) . These authors 1 0~' o m~2 1 
The correlation length
The influence of the correlation length a on the attenuation Q-' can be seen in Fig. 10 . An exponential correlation function is used and &,in=300. It appears that the maximum attenuation moves to longer periods for larger values of a. This is in agreement with our expectations, since scattering is optimal when the wavelength corresponds to the s u e of the scatterer. performed model scattering experiments for SV-, SH-and P-type body waves. The measurements were compared to the attenuation derived with the single scattering theory. To fit the data they had to adjust Gmin for each wave type. In Fig. 9 the same calculations are shown for a Gaussian function. We find a similar impression as for the exponential function.
Surface wave attenuation data provide Q-' values ranging from 0.001-0.02 in Europe (Correig, Susagna & Lana 1982) to 0.005-0.12 in the Tibetan Plateau (Singh & Gupta 1982) . With the single scattering theory we find Q-l values of 0.001-0.05 for a shear wave velocity perturbation of 10 per cent (note that these values are larger when we account for conversions also to higher modes, this is shown in Section 7.3). We do not aim to put these values as quantitatively exact, because there are too many free parameters, such as &,,in and the correlation length, which we have chosen without experimental evidence to sustain them. However, these values do give an indication of the attenuation coefficient due to scattering. We therefore must conclude that attenuation data cannot be attributed just to inelasticity, but scattering also has a major effect on the attenuation of surface waves. 
Conversion to higher modes
Until now, the attenuation of a fundamental mode Rayleigh wave was considered and only conversions to fundamental mode Love and Rayleigh waves were taken into account. We will now investigate the contribution to the attenuation of conversions to higher modes. Q-l curves are computed for three situations: no conversions, so the scattered wave is also a fundamental Rayleigh wave, conversions to fundamental mode Love and Rayleigh waves and finally conversions to fundamental and higher (up to the 9th higher mode) Love and Rayleigh waves. The result is shown in Fig. 11. An exponential correlation function is used with the same correlation lengths in horizontal and vertical direction. Not all modes exist for all of the considered frequencies, conversion to higher modes is only present at high frequencies. This explains the kinking expression of the Q-' curve R1-R10, L10 in Fig. 11 . The scattered fundamental Rayleigh wave contains the largest part of the scattered energy but it is obvious that due to the large number of the higher modes, these cannot be neglected. If the higher modes were neglected the attenuation would be underestimated by a factor 2. The locked mode approximation (Harvey 1981) states that body waves can be represented as the superposition of a large number of modes. Therefore, extrapolation of Fig. 11 gives an impression of the conversion to body waves.
Deep and shallow scatterer
The attenuation of the fundamental mode, R1, and the first higher mode Rayleigh wave, R2, are compared for two situations, a deep and a shallow heterogeneity. For the deep scatterer, a slab-like inhomogeneity (Fig. 6 ) is chosen, with the top at 40 km depth, and the base at 140 km depth. The shallow scatterer has its top at the earth surface, and its base at 40 km depth. The results are shown in Fig. 12 . In the high frequency range most of the R1 energy is transported near the surface (Fig. 13) ; therefore, a shallow heterogeneity attenuates the high frequencies relatively strongly. The energy of R2 is transported fairly deep (Fig. 13) , therefore R2 is barely attenuated by a shallow heterogeneity (Fig. 12) .
A deep heterogeneity causes a relatively stronger attenuation. For a shallow scatterer we might expect that higher modes can be neglected, since R1 is better excited than the higher modes R,L2-10. To investigate this, the ,"! Fig. 14, for a deep scatterer (40-140 km) . Note that the attenuation effect of a deep scatterer decreases strongly for higher frequencies.
attenuation curve is computed for conversion R1+ R1 and for conversion R1+ L, R1-10. The results are plotted in Fig. 14. It appears that the attenuation at low frequencies is mainly caused by conversion to the higher modes, but even at higher frequencies a considerable part of the attenuation is due to the higher modes. This implies that whenever a surface wave is scattered, conversions to higher modes must be taken into account to compute the proper attenuation coefficient. In Fig. 15 the same comparison is shown for a deep scatterer. For low frequencies R1+ R1 is dominant, for higher frequencies conversions to L, R2-10 also present a considerable contribution to the attenuation.
CONCLUSIONS
A single scattering theory is presented for surface wave attenuation. The linearized scattering theory of Snieder (1986a) is used to describe the scattered wavefield. Due to the far-field restriction of this theory it is impossible to account for multiple scattering. It is not yet clear what the precise effect of this is on the scattered power. The optical theorem (Snieder 1988a) could be useful to establish the relation between Q-' and non-linear scattering.
The attenuation is a function of several parameters. Q-' depends quadratically on the velocity perturbation. For larger correlation lengths the attenuation maximum moves to longer periods, since the scattering is optimal when the wavelength corresponds to the size of the scatterer. For small minimal scattering angles (Gmin = O-lSO), Q-' increases with increasing frequency because scattering is most prominent at high frequencies. For larger values of Gmin the attenuation decreases with increasing frequency because for high frequencies the scattered energy is concentrated in the forward direction. Future research is needed to get a better grip on how to determine cPmin.
The Q-' values found for the scattering losses due to an inhomogeneous slab are of the same order of magnitude as measured Q-' values. Realistic Q-' values range from 0.001-0.02 in Europe to 0.005-0.12 in the Tibetan Plateau. With the single scattering theory we find Q-' values of 0.001-0.05 for an inhomogeneous slab with a density perturbation of 10 per cent. We therefore must conclude that the attenuation due to scattering is not negligible compared to intrinsic losses. Although the results are qualitative, due to the use of the Born approximation and the neglect of conversions to body waves, this conclusion is still valid. It is even enforced by the fact that taking into account body wave conversions will further increase the attenuation due to scattering.
Conversions to other surface wave modes play an important role in attenuation due to scattering.
Almost any attenuation curve can be obtained by varying Gmin, the correlation length or the depth of the scatterer.
Therefore, inversions of Q&(w) data to Q,'(z) models should be regarded with suspicion. 
